The subcellular distribution of steroid hormone receptors (SHRs), estrogen receptors (ERs), progesterone receptors (PRs) and glucocorticoid receptors (GRs) in mitotic cells was examined using immunohistochemical techniques.
ERs and PRs were localized in the uterus of mice and rats, respectively; the ovariectomized adult rodents were sacrificed 18-23 hr after I7,S-estradiol injection. GRs were demonstrated in the regenerating rat liver following partial hepatectomy.
ERs and PRs were associated mainly with chromatin/ Steroid hormone receptors (SHRs) are members of the nuclear receptor superfamily.
Nuclear receptors regulate the transcription of target genes by binding to the hormone responsive elements of these genes [13] . Sex SHRs, estrogen receptors (ERs) [12, 35] , progesterone receptors (PRs) [19, 23] , and androgen receptors (ARs) [30] have been localized exclusively in the nucleus of target cells independent of hormonal status: thyroid hormone and retinoic acid receptors also show the same intracellular distribution [7, 27] . However, the subcellular localization of glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs) is still a subject of debate: either ligandfree GRs and MRs are present primarily in the nucleus [6, 20] , or they are distributed in the cytoplasm and are translocated to the nucleus after hormone binding [31] , or these receptors are localized in both the cytoplasm and the nucleus [5, 25] .
During mitosis, nuclear envelopes are broken into small vesicles and most of nuclear proteins are dispersed throughout the cytoplasm and are subsequently taken-up again into the nucleus after reconstruction of nuclear envelopes at telophase.
It was demonstrated that many transcription factors, such as the c-myc, c-myb and c-fos proteins localized in the nucleus of interphase cells, are diffusely distributed into the cytoplasm during metaphase [17, 24] , while few transcription modulators were shown to be associated with the mitotic chromosomes [2, 8, 17] . However, no studies have examined the distribution of SHRs during mitosis, except for the immunohistochemical study by Akner et al. [1] , who showed that GRs are associated with the mitotic spindles during metaphase in cultured cells.
We previously showed that ERs and PRs are associated with chromatin in the interphase nucleus of uterine cells in the presence or absence of hormones [32] [33] [34] . In this report, the subcellular distribution of ERs, PRs and GRs in proliferating cells was examined using immunohistochemical techniques.
The results demonstrate that ERs and PRs are associated with chromatin/chromosomes through all stages of the cell cycle in the uterine epithelium, although GRs are present in the nucleus at interphase and are excluded from metaphase chromosomes in rat liver cells.
II. Materials and Methods
Reagents Anti-ER antibody was purchased from Abbott Lab. (Abbott ER-ICA monoclonal kit; Abbott Park, IL). Anti-GR rabbit antibody and anti-PR (MA1-410) monoclonal antibody were obtained from Affinity Bioreagents Inc. (Golden, CO): the characteristics and specificity of these antibodies were reported previously [3, 19] . Horseradish peroxidase (HRP) linked anti-mouse, anti-rat and anti-rabbit Ig F(ab')2 fragments (each from sheep) were purchased from Amersham Japan (Tokyo). The primary and the HRP labeled-antibodies were diluted with a blocking solution of 5% normal goat serum and 1 % bovine serum albumin (BSA) dissolved in phosphatebuffered saline (PBS).
Animals and tissues
Female CD-1 mice (12 weeks-old) and SpragueDawley rats (250 g) were obtained from Clea Japan Inc.
(Tokyo).
They were housed at 21-22°C with a 12 hr alternating light-dark cycle at Keio University Animal Facility (Tokyo). In order to localize ERs and PRs in the mitotic uterine epithelium, the mice and rats were ovariectomized and received an intraperitoneal injection of 17~-estradiol (E2, 20 €g/kg bw; Sigma Chem., St. Louis, MO) at 2 to 3 weeks after the operation.
They were then killed after 18-23 hr. For the immunohistochemistry of GRs in the liver, the rats were partially hepatectomized according to the method of Higgins and Anderson [9] and sacrificed at intervals between 36 and 72 hr after surgery.
Small tissue blocks were fixed with ice-cold 4% paraformaldehyde dissolved in 0.1 M phosphate buffer, pH 7.4, for 1 hr, washed with 7.5% sucrose/PBS and then successively washed with 15% sucrose/PBS.
Then they were embedded in 0. C. T. compound (Sakura Finetech. Ltd., Tokyo) and frozen in isopentane quenched with liquid nitrogen.
Immunohistochemistry
Approximately 6 pm thick frozen sections were mounted on a slide glass coated with 3-aminopropyltriethoxysilane (Shinetsu Chem. Co., Tokyo) and air-dried for 1 hr at room temperature.
The sections were washed with PBS, treated with 0.2% glycine/PBS for 1 hr and finally incubated with blocking solution for 1 hr. The sections were incubated with anti-ER monoclonal antibody ( x 2 dilution), anti-PR monoclonal antibody (2 pg/ ml), or anti-GR rabbit antibody (5 pg/ml) overnight at 4°C, respectively, and then with each HRP-Ig F(ab')2 fragment, x 50 dilution, for 2 hr at room temperature. For the controls, the primary antibodies are omitted or normal mouse, rat or rabbit IgG were used in place of each specific antibody. The localization of antigens was visualized with imidazole-DAB reaction [35] . Some sections were counterstained with hematoxylin.
To study the precise subcellular localization of ERs, semithin sections were prepared by the following procedure. Frozen sections, 10 ,um thick, were treated according to almost the same procedure as described. The sections were incubated with the HRP-Ig F(ab')2 fragments overnight to facilitate the penetration of the antibody into the chromatin/chromosomes.
After the DAB reaction, the sections were osmicated, dehydrated in an ethanol series, and then embedded in an epoxy resin. About 1 pm thick semithin sections were prepared with glass knives. Some sections were stained with a toluidine blue solution.
III, Results
Localization of ERs during mitosis in the mouse uterine epithelium Mitotic figures were recognized in a small portion of the luminal and in the upper portion of the glandular epithelium in the uterus of ovariectomized adult mice at 18-23 hr after E2 injection. In the interphase epithelium, ERs were localized diffusely in the nucleus but not in the nucleolus. In the mitotic epithelium, ER immunoreaction was seen exclusively on the condensed chromatin or chromosomes from prometaphase through to telophase (Figs. 1-5).
The staining pattern was uniform along the longitudinal section of the chromosomes.
A faint reaction was recognized in the diffuse cytoplasm throughout the cell cycle. In the semithin sections, ER immunoreactivity was
Figs. 1-5. Estrogen receptors (ERs) in the uterine epithelium of mature mice during mitosis. Fig. 1 . ERs in the glandular epithelium. ERs are seen exclusively in the nucleus of the interphase epithelium. ER immunoreactivity is associated with the condensed chromatin/chromosomes of epithelial cells in prophase (large arrow) and prometaphase (small arrow). Faint reaction is present in the cytoplasm of both the interphase and mitotic cells. Fig. 2 . ERs in the glandular epithelium. ERs are localized in the chromosomes of mitotic epithelial cells; prometaphase (small arrow) and anaphase (large arrow). Fig. 3 . ERs in the surface epithelium. In metaphase, ERs are distributed along the chromosome arms aligning on the equatorial plate. 
Localization of PRs in the rat uterine epithelium
The distribution pattern of PRs in the rat uterine epithelium was almost the same as that of ERs in the mouse during the cell cycle. In the E2-untreated control rats, PRs were present in the nucleus of endometrial epithelial cells and stromal cells. E2 injection reduced the nuclear PR-immunostaining in the epithelium and increased the staining in the stromal and smooth muscle cells (Fig. 7) . Weak PR immunostaining was seen on the chromosomes in the endometrial epithelium throughout all stages of mitosis (Figs. 7, 8) . The cytoplasm showed negative staining.
GRs in the proliferating liver cells of rat
There were no clear differences in the distribution pattern of GRs in the liver at intervals between 36 and 72 hr after partial hepatectomy.
It was difficult to prepare the morphologically well-preserved frozen sections from 36 to 60 hr, because the liver cells contained numerous Figs. 9, 10 . ERs in the mouse endometrium; semithin section. Fig. 9 . ERs in the surface uterine epithelium. In the interphase, ERs are present in the nuclei of epithelial and stromal cells; nucleoli are negative. ERs are localized on the surface of chromosomes of mitotic epithelium. Fig. 10 . ERs in mouse uterus. The semithin section was counterstained with toluidine blue. ERs are seen on the surface of chromosomes in the epithelial cells during mitosis. Figs. 11, 12. Glucocorticoid receptors (GRs) in the regenerating rat liver. Sections were counterstained with hematoxylin. Fig. 11 . GRs in the rat liver, 70 hr after partial hepatectomy. In the interphase, GRs are localized exclusively in the nuclei of liver cells.
Immunoreactivity is seen in the cytoplasm diffusely during mitosis; liver cells in metaphase (small arrow) and anaphase (large arrow). Condensed chromosomes are negative. Fig. 12 . GRs in the rat liver cells, 62 hr after partial hepatectomy. GR-immuoreactivity is recognizable on the mitotic spindles in the metaphase cells (arrow). Magnification, Figs. 9-12, x 1160. Bar= 10 pm.
large lipid droplets in the cytoplasm. Less than 0.5% of liver cells showed mitotic figures at 60 to 72 hr. GR immunostaining was localized exclusively in the nucleus with negative staining in the nucleolus in the interphase liver cells (Fig. 11) . In the mitotic liver cells, GR immunostaining was observed diffusely in the cytoplasm (Figs.  11, 12 ). The staining was also recognized frequently on the mitotic spindles (Fig. 12) . The condensed chromosomes showed no reactivity. All controls showed negative immunostaining (Fig.  6) .
IV. Discussion
The ER immunostaining was shown primarily on the discrete chromosomes during mitosis in the uterine epithelium of adult ovariectomized mice, and the chromosome arms were evenly stained (Figs. 1-5 ). The majority of ERs are probably hormone-free, because the concentration of ligand-bound receptors reaches a peak within 1 hr after E2 stimulation and then rapidly reduces [14] . Ligand-free PRs in the rat uterine epithelium were localized in chromatin/chromosomes throughout the cell cycle as well as ERs (Figs. 7, 8 ). Since ligand-bound ERs and PRs show a stronger affinity to bulk chromatin than unbound receptors [33, 34] , ligand-bound ERs and PRs should also be located on the mitotic chromosomes in the uterine epithelium. Strong immunostaining of the ER was observed on the surface of chromosomes in the semithin sections (Figs. 9, 10 ). Our previous data [32], using immunoelectron microscopy with ultrathin frozen sections, supported this result; ERs were localized on dispersed chromatin or margins of condensed chromatin but not on the highly condensed chromatin independent of hormonal status in the mouse uterine epithelium.
Kuiper et al. [15] have recently demonstrated that rat ERs exist as two subtypes, ERa and ERJI, which are highly homologous but differ in the C-terminal ligand binding domain and in the N-terminal transactivation domain, and that ERp is a minor subtype of ERs in the rat uterus. ERA was also shown exclusively in the nucleus of rat uterine cells [26] . It is unclear now whether anti-ER monoclonal antibody used in this study is specific only for ERa or cross-reacts with ER,~ in mouse tissues. A weak ER immunostaining was also observed in the cytoplasm throughout the cell cycle in the uterine epithelium in this study. This cytoplasmic immunostaining may be due to ERs being synthesized on the free-polysomes and to ERs constantly shuttling between the nucleus and the cytoplasm [21] .
Mitotic chromosomes are inactive for RNA transcription [10] . In mitotic cells, the majority of transcription factors are diffusely spread in the cytoplasm, having dissociated from the condensed chromosomes [2, 8, 17] , whereas AP-2 and serum transcription factor p67 have been shown in the metaphase chromosomes [8, 17] . In addition, it has been verified that some transcription factors complexed with RNA polymerase I as rDNA transcription machinery are present in the nucleolus of interphase cells and are clustered at specific chromosomal sites, the nucleolar organizing regions, during mitosis [11 , 28] . It is unclear whether the receptors on mitotic chromosomes play a role such as the condensation/ decondensation and maintenance of chromosomes, or whether they are nonspecifically adsorbed onto the chromosomes.
No agreement has been reached on the subcellular localization of GRs, though extensive immunohistochemical studies have been carried out [5, 6] . The distribution pattern of ligand-free GRs in cultured cells seems to depend on cell types [16] , composition of medium [22] , and cell growth conditions such as single suspension or aggregation cultures [29] . In rat liver, Gasc et al. [6] demonstrated that GRs are localized in the nucleus but not in the cytoplasm, independent of hormonal status. In a preliminary study, ligand-free GRs were localized exclusively in the nucleus of liver cells of adrenalectomized rats (Yamashita, S., unpublished data). Thus, it is suggested that GRs are distributed in the nucleus, probably binding with chromatin, in the interphase rat liver cells, and that they are excluded from chromosomes during mitosis, in the presence or absence of hormones.
GR immunostaining was observed frequently on the mitotic spindles (Fig. l1) . This result supports the data of Akner et al. [1] , who showed that GR-immunoreaction is localized in the mitotic apparatus in several cell lines. In addition, they observed that both ligand-bound and unbound GRs were distributed along cytoplasmic microtubules in interphase cells [1] . Some nuclear proteins including nuclear matrix proteins have been shown in the mitotic apparatus [18, 36] . Moreover, the presence of proteins termed chromosome passengers has been recently reported [4] . The proteins are distributed in the interphase nucleus and are associated with chromosomes at the beginning of mitosis, but associated with microtubules or cytoskeletal components during the late phase of mitosis. Since it is suggested that these nuclear proteins, associating spindle fibers and centromeres participate in the assembly and disassembly of chromosomes during mitosis, GRs on mitotic spindles may also play a direct role in chromosome movement. However, the possibility that GRs dislocated from the amorphous cytoplasm were adsorbed into cell organellae including spindle fibers is not ruled out completely, because the fixing ability of methanol used by Akner et al. [1] and paraformaldehyde employed in this study was insufficient for the immobilization of cytoplasmic soluble proteins.
SHRs (ERs, PRs and GRs) were localized to the interphase nucleus regardless of hormonal status. During mitosis, ERs and PRs were demonstrated on the chromosomes in the uterine epithelium, whereas GRs were excluded from condensed chromosomes in liver cells. This different distribution pattern in dividing cells may be due to the differential affinity between each SHR and bulk 
